CHAPTERVIII

The Alpi Linac as RNB Acceleratol

8.1 Introduction

The superconducting linac ALPI, available at pré$enstable beams injected either an
XTU Tandem (M = 15 MV) or by PIAVE (composed by an ECR source on a HV platforn
followed by 2 superconducting RFQs and 8 QuartervéVeesonators), will serve as 1
accelerator of exotic species produced in the t-ion-source system, transpcd through the
long transport line hosting the beam cooler andhilgd resolution mass separator and ch.
bred in the charge breeder (CB) of the ECR lon &»type

In order to be adapted to SPES, ALPI shall haugetequipped with a new injector, ¢ing
with the CB ion source.

The CB will be the firstlement along the beam line thfe RNB ALPI injector, and will b
followed by a long normal conducting RFQ workingtire CW mode anby a transport line.
The latter matchethe beam fc the linac injetion both transversally (by magnetic quadrug
lenses) and longitudinally, i.e. in time and phalg, means of an appropriate number
bunching cavities. Injection into ALPI will takdlace at a 0° entrance into dipole ID2, wh
presently bends the beaomming from the tandem injec, into the linac.

The layout of the SPES facility, with a zoom on newinjection line, is shown in fi¢8.1.
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Figure 8.1: Layout of the SPES facilitand zoom on the Charge Breedend the downstream
spectrometer and RF@Qéw RNB injector into the ALPI superconducting ¢)

Within ALPI itself, somemodifications or upgrades are necessary in ordgr fsomake the
linac suitable to the acceleration and transpora &NB up to the desired final energy ¢
overall beam transmissioifhey are listethereinafter, together witbther changes required
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some obsolete technical features of ALPI in orderehsure reliable operation, for both
radioactive and stable beams, in the next couptkecddes:
1. The so called “low beta section” (comprising orgglg 12 resonators with an

operational accelerating field, E 3,5 MV/m) is being changed into 16 resonatort \kj,
=5 MV/m at least, which will improve the acceléoatefficiency of the rest of the linac,
the beam final energy and transmission (in theitad@gal phase spadsE-At)

2. New quadrupoles with a higher gradient (2523 T/m) are in principle required
in ALPI, in order to increase the overall beam srarssion

3. Beyond what is achieved by the upgrade of lowea Iseiction (point 1 above),
substantial increase in the final energy of thenbeman be obtained by adding two
cryostats with Nb-sputtered cavities at the very ehthe linac; this can be the result of
a reshuffling of cryostats in ALPI, i.e. moving theesent bunching cavity cryostat CRB2
towards position CR21 and the present rebunchibgfighing cryostat CRB4 to position
CR22; one normal conducting cavity at the beginmh@LP| and one single-cavity SC
re/debuncher at the end of ALPI will replace them

4. Beam diagnostics for low-intensity beams must legrated with that for stable
beams, if possible in the space allocated for tagrobstics boxes available at present.

5. Cryogenics operations: the new ALPI layout foresetocating PIAVE cryostats
CRO1-P and CRO02-P to positions CR01 and CRO2 inlAlich can be done by
adapting the cryogenic lines in that area; thelabbs cryogenic power of ALPI has been
recently increased by around 30% with the additérm 3° turbine; cryostats and the
cryo-plant need a modernization of their contrateyn; cryo-module feedboxes need to
be stepwise replaced with new ones with externaladors; the compressor section of the
cryogenic plant requires a number of importantn@ihment steps.

6. Control systems: nearly all of them must be pastl}completely upgraded (e.g.
RF, diagnostics, magnets, access) and their haedeteanged.

7. Vacuum system: a replacement of most vacuum argl facuum pumps is
required, dictated both by the ageing of ALPI oaed by the necessity to use pumps
suitable for radioactive contaminants; in additias, necessary to convoying all the
exhaust residues into a controlled outlet, andomaliieg to radioprotection requirements,
to define time and criteria of their delivery.

In the following paragraphs, all above implemeiwtasi, upgrades and refurbishments shall
be reviewed. At the date of the present docuntbair development stage is diversified, which
Is due to the fact that SPES is a new facility Wwh&s however, developed into an existing one
(the Tandem-ALPI-PIAVE stable beam complex).

Paragraph 2 describes the charge breeding sougcéhe first element of the new injector;
paragraph 3 is dedicated to the overall beam dys@md includes the remaining part of the
injector and, in particular, the normal conductRgQ, the longitudinal focusing system with
new normal conducting bunchers, the transverse sfogu system with higher gradient
guadrupoles in the low-energy branch, the reloc®&WVE cryostats and the relocated ALPI
bunching cryostats, used for further beam accetergparagraph 4 describes, in more detail, the
upgrade of the low beta section of ALPI (involviagostats CR03 to CR06) while paragraph 5
deals with the energy upgrade, obtained by relogathe present bunching cryostats as
accelerating cryostats at the end of the linagaragraph 6, the diagnostics systems necessary
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along the whole beam line from the target-ion-seu@ the end of ALPI are drafted (R&D
activity is on-going on this issue); in paragraphfidally, upgrades and refurbishment of the
cryogenic plant are described.
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8.2  The Charge Breeder

8.2.1 Introduction

After passing the High Resolution Mass Spectrom@#&®MS), the radioactive beam will
be cleaned from contaminants and will be ready&mst-acceleration. Anyway, a charge state 1+
is too low to have a reasonable energy for the ixyeats after the acceleration with the new
RFQ coupled to the superconducting linac ALPI @ireta profile). For this reason, a further
device has to be implemented, able to accept aekmbto multiply its charge state and to
extract it as an n+ beam. This work is done bysthealled "Charge Breeder" (CB). The charge
breeding technique was extensively studied in tast years; basically, three methods were
developed so far as described in [1].

8.2.2 Charge Breeding Methods

The first method consists simply in stripping elens by means of a foil or a gas. When the
foil is used it is possible to predict the charggtes distribution after the stripper by using the
Baron's formula giving the output average chargeedtl]. This is seen to depend on the velocity
of the incoming beam and its atomic number. Thshnegue gives a narrow charge state
distribution for low Z elements but a wider one lfagh Z, leading to a low efficiency on a single
charge state. Moreover, the incoming beam energythde at least 500 keV/A, much higher
than that of the 1+ beam (40 keV of total energynimg from the Target-lon Source system of
the SPES project. Lower energy would be sufficiérst gas stripper was used but the output
charge states would be very low. Other drawbackshi method are the increase of the
emittance of the incoming beam after passing thpp&tr and the limited lifetime of the foils in
case of heavy elements.

The other two methods consist in adapting an iamcgofor positive ion beams production
to the charge breeding technique. In particular kimals of ion sources are used to this purpose:
the Electron Beam lon Sources (EBIS) and the Hlacttyclotron Resonance lon Sources
(ECRIS). In an EBIS [2] multicharged ions are proeld ionizing the incoming beam by
collisions with an electron beam compressed by lansad magnetic field and trapped in a
magneto-electrostatic trap. The trap is composethé magnetic field and by a potential well
between the injection and extraction side. Wherd @sea charge breeder, 1+ ions are injected
through the extraction by lowering the electrostgbtential barrier for a short time and then
increasing it again to ensure a trapping mode.hEurtonizations are produced by electron
bombardment. High charge states ions are finallyaeted by lowering the potential barrier
again. This process leads to an intrinsically @dilseam. Typical electrons current densities are
between 50 and 5000 A/émwhile magnetic field values range from 2 to 8tAys requiring
superconducting magnets. The extracted beam iscleay from contaminants due to the very
good vacuum inside the trap (no added gases amssey to produce ionizations). Even if
output charge states and efficiency are very higp. £*’Sr***, with an efficiency up to 20%),
from the point of view of the electrostatic confiment the EBIS-CB has a maximum space
charge capacity determined mainly by the electrami current, its energy and the length of the
trap. In order to reach a high enough capacitycttept the intensities expected for the SPES
project, very high values of the latter parametermuld be necessary, leading to a very
expensive and complicated design. Other drawbaickssomethod are the high energy spread of
the outgoing beam (tens eV*q) and the limited iifet of the electron cathode.

ECRIS sources [3] are widely used to produce higgnisities beams of high charge states to
feed accelerators for nuclear physics experimdntsuch sources the plasma is created by a
resonant interaction between an electromagnetievied into the source and free electrons and
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it is confined by a particular magnetic configuoati called B-minimum structure. This
configuration is created by superimposing an axeddl generated by two or three coils for axial
confinement and a multipolar field (usually a hesiap for radial confinement. When used as a
charge breeder, the 1+ beam is injected by modjfyire injection side of the source: it is then
captured, further ionized and extracted from thHeepside giving CW injection and extraction.
First tests of an ECRIS adapted to charge breedérg done in the 90's by Prof. Geller and his
group in Grenoble [4]. The process of charge brepdiith ECRIS can be described as follows.
The 1+ beam is injected with an energy correspantbrthe high voltage of the charge breeder
plus a smallAV necessary to overcome the ECRIS plasma potefitial regulation of this
parameter is seen to be very important for thegperénces of the CB). Once the 1+ beam sees
the retarding potential and the fringe field of ttwls it is decelerated and enters the plasma
with a low energy (some or tens eV). The 1+ iorentinteract with ECR plasma ions through
elastic collisions [5] leading to thermal equiliom; they also undergo ionizing collisions,
increasing their charge states. The ions losthieynhagnetic trap are then extracted as a high
charge states beam. Qualities of this CB are rolegstand reliability, great intensity acceptance,
possibility to have CW or pulsed beams and absefdanitation due to the quality of the
injected beam. Drawbacks are the lower output @astates compared to EBIS-CB, the
difficulty of breeding light elements and the prese of a stable background of contaminants as
seen in the spectra acquired at the output. Anyray, last issue can be limited by paying
attention to the cleanliness of all the parts eeda® vacuum. Also, the efficiency was always
lower than the EBIS-CB except for recent resultsioied at Argonne National Laboratories [6].

8.2.3 The SPES Charge Breeder

As a consequence of the above explained point&GRIS type CB was chosen for the
SPES project. The main point is that it is the omdyice that will be able to accept the high
intensity radioactive beams expected for the SPHS &hother reason is the long time
experience on ECR sources at LNL.

In particular, the SPES-CB will be developed on thasis of the Phoenix booster in
operation at LPSC (Grenoble) [7-8]. This device wagveloped since the 90's and, in the
following years, demonstrated its ability to chalyeed radioactive ions, as shown in [9]. Itis
now in operation at TRIUMF [10]. A picture of thejection side and part of the Grenoble CB is
shown in figure 8.2.

injection
. electrode stopper
Figure 8.2: injections side and part of the Phoenix Chargedflex developed at LPSC Grenoble
(kindly furnished by Thierry Lamy).

The performances of the Phoenix CB perfectly fithwihe requirements of the SPES
project: the A/q ratio of the extracted charge higth is peaked around 6 and its emittance is
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largely lower than the acceptance of the followaugelerators complex (recent measurements
gave 4%ms~ 60*mm*mrad). Recent results [8] showed an increasaeiriormances that led to
values of efficiency close to the ones obtainechwlite EBIS-CB with gases, as shown in the
following table.

Table 8.1: recent performances of the Phoenix CB [8]

Ele Charge Efficiency CB time
ment State [%] [ms]

Ar 8+ 16.2 78

Xe 20+ 10.9 252

Rb 17+ 7.5 226

By summing over all the charge states of chargel oons, a global capture of almost
80% was found for Ar and Xe, while 50% was obtaifegdRubidium (tutte sigle o tutte parole).
This difference is mainly due to the fact thahen a 1+ gaseous ion is lost on the chamber wal
it can be recycled and captured again by the EGRnph; this doesn't happen in case of
condensable elements due to walls sticking, leattirgglower global capture. The improvement
of the capture efficiency even for condensable eldsiis under study by INFN in the
framework of the EMILIE project [11].

The CB beam line has been designed in order to teveossibility to characterize the
source in advance, before injecting radioactivesiamo it. For this reason, a system for
production, focusing and selection of stable 1+nieawill be implemented. A schematic
drawing of the entire beam line is shown in fig8rd. The 1+ source will be an adaptation of the
ones already in use for the Target-lon Source Byste. a surface ionization source for the
production of alkali metals like Rb and Cs andasplia source for the production of beams from
gaseous elements. The extracted 1+ beam will heséacby means of an electrostatic lens and
the desired beam will be selected by a 90°, 0.adius bending dipole. The resolving power of
such a dipole will be ~1/150, with appropriate sgtm slit.

The selected 1+ beam will be characterized in teshsurrent and beam quality and then
injected into the CB through an electrostatic &iplThe possibility of using a grounded tube to
inject the 1+ beam has been foreseen, althouglretiaeed of such a system will be clarified by
experiments that will be performed in 2013 at LR8@ ANL. Once the 1+ beam will be charge
bred and extracted as an n+ beam, it will be fatusean electrostatic triplet forming a waist
before injection into the n+ downstream spectrom@@RMS — Medium Resolution Mass
Spectrometer). This will help to increase the résgl power of the spectrometer and will also
allow to measure the beam current extracted byQBein order to check the transmission
through the beam line.

Special attention has been paid to the design ®@MRMS: in fact, as written above, the
ECRIS-CB has a non negligible background that carse overlapping of undesired ions with
the charge bred radioactive ones. After considefiegmost interesting radioactive species that
will be produced (Rb, Cs, Sn, Ge) and the possibigaminants introduced by the CB (O, N, C,
Ar, Kr), we opted for a spectrometer resolving powe1/1000 at 10% of the peak’s intensity.
This will be accomplished by using four electrastajuadrupoles to prepare the beam for the
selection and two 80°, 0.75 m radius dipoles wikews edges. Other four electrostatic
guadrupoles at the exit of the second dipole wijust the beam at the diagnostics station, where
beam current and emittance will be measured. Theaam will then be delivered to be post-
accelerated. Further details on the MRMS can bedon section 8.3.2.
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Radicactive L+ beam infection

o past-scceleration

Figure 8.3: Schematic drawing of the CB beam line for the SipEject
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8.3 The SPES RNB Injector and Refurbishment of ALPILattice

8.3.1 Introduction

In the SPES project framework, a new injection vk be built to transport and match the
RNB from the CB to the existing ALPI supercondugtitnac. This chapter describes the
injection line from the CB to ALPI (including a neBW normal conducting RFQ), together with
the layout changes proposed for ALPI itself, inasrtb make it suitable as an accelerator of up
to 10 MeV/u RN beams with a high overall transnaasi

It is to be noted, incidentally, that the new Istell be a third injector into ALPI, since the
stable beam injection lines (Tandem and PIAVE) welinain operational. The new layout is
comprehensively described in fig. 8.1.

8.3.2 Spectrometer after the Charge Breeder

A quite good spectrometer is necessary after trewgehBreeder to be able to separate ions
in mass by a ~1/1000 resolution. This spectromstarscaled version of the HRMS, but with a
higher energy of 0.76 MeV for the reference ib#3n**") and a larger emittance of 0.06 mm
mrad (RMS norm). The present solution is repontethe figure 8.4:

2/

Figure 8.4: Layout of Spectrometer (MRMS) after the Charge8ee.

The main spectrometer components are electrostatises and magnetic dipoles; in
addition, some electrostatic multipoles elementumed in the middle and after the “U” line, so
as to avoid any emittance growth (see table 8.2).
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Table 8.2: Main parameters of the MRMS

Mass Resolution 1/1000
Dipole Bending Angle 80 deg
Dipole Bending radius 0.75m
Dipole Edge 30 deg
Dipole max field 01T
Energy (1/7) 0.76 MeV
Electrostatic Multipole up to
dodecapole
Electrostatic triplets max 6.95 kV
voltage

The herein reported transport line is optimizedfiiting the available space in

the LNL 3rd

experimental hallywhere it is to be located; the linear dispersibthe spectrometer is 30 m and

the »us Spot size is 2 mm (see the envelope in fig. 8.5).
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Figure 8.5: Envelope layout of the Spectrometer after the Gad@reeder.

By using the multiparticle code TraceWin [12], tlesolving power can be e
1/1000 for the full size spot, as reported in falilog figure 8.6:
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Figure 8.6: MRMS spectrometer resolution.

In the same figure, it is assumed that the nea@gaminant beam has the same emittance
and intensity as the nominal one.

8.3.3 Transport Line to the SPES RFQ

The transport line is made of electrostatic trlets in the line from the HRMS to the CB. The

main parameters are reported in table 8.3. In 8dur the beam envelope in the (x,z) and (y,z)
planes from the MRMS to the SPES RFQ are incluttegimain purpose of the line is to match

the Twiss parameters tite RFQ input, without any beam loss. A carefuluan level (1& torr)

is required in this beam line to avoid charge ergeadue to scattering induced losses [13].
Figs. 8.8 and 8.9 report the evolution of normalizenittance on this beam line, and the phase
space at the output of the RFQ. The distance framrldst electrostatic triplet and the RFQ input

is 300 mm.
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Table 8.3: Main parameters of the transport line to the SFRES)

lon 132Sn19+
Electrostatic Triplet 170+40+480+40+170
lengths (mm)

Electrostatic Triplet 60 mm

radius

Electrostatic max voltage 4.1 kV

115° Dipole Radius 750 mm

115° Dipole max field 01T

115° Dipole Edge 38°

Total number of triplets 8

I u

10 0nar

Paosition (m}

Figure 8.7: Multiparticle beam layout from the CB to the ed68ES RFQ.
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Figure 8.9: Phase Space at RFQ output.

8.3.4 The SPES RFQ

This SPES injector into ALPI includes a new RFQe(3ab. 8.4) that will operate in a CW
mode (100% duty factor) at a resonant frequen®0dMHz. This frequency is the same as that
of the superconducting structures of lowest ena@rgylPl. The ion injection energy was set to
5.7 keV/u. This choice is a compromise betweerdtsire of reducing the ion energy to simplify
the LEBT and the RFQ bunching section design aad#ed to increase the injection energy, so
as to increase the beam rigidity in the spectromatel to reduce space charge effects. The
extraction energy was set to 727 keV/u (with respethe 588 keV/u of the existing SRFQ of
the stable beam PIAVE injector), to optimize th@rnedynamics of the superconducting linac
ALPI.
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Table 8.4: Principal RFQ parameters

Parameter (units) Value
Operational mode CW
Frequency (MHz 80.
Injection Energy (keV/u) 5.7
(p=0.0035)
Output Energy (keV/u) 727
(B=0.0395)
Accelerated beam currergA) 10C
Charge states of accelerated ions (( 7-3
Internal bunching section Yes

The design goals were to minimize the longitudarad transverse emittances growth and to
optimize the RF losses and beam transmission dRE@ structure. The RFQ cells were created
using the program CORTO [14](also adopted for tesigh of CERN Linac3 RFQ), the
PARMTEQ code package [15] and Toutatis [16], intarative cell-by-cell procedure. With this
design the RF power consumption is minimized. Agitgon cell was used at both the entrance
and exit of the RFQ. At the exit side, a radial chatg section with an appropriate length after
the transition cell was also used so that the duipam has the same Twiss parameters in both
the horizontal and vertical planes. Table 8.5 amifé 8.10 show the main parameters of the
RFQ. The RFQ transmission is more than 95% of acatld particles, and the final longitudinal
RMS emittance is 0.15 nskeV/u. The 99% longitudiealittance is 1.2 ns keV/u (see figures
8.10 and 8.11).

Table 8.5: RFQ design parameters

Parameter (units) Design 1
Inter-vane voltage V (kV, Alg=7 | 63.¢

Vane length L (m) 8.27
Average radius o (mm) 5.03-5.76¢
Vane radiusp to average radius 0.8

ratio

Modulation factor r 1.0-3.0¢
Total number of cells 343
Synchronous phase (deg.) -90 — -20
Focusing strength 5.28-4.0¢
Peak field (Kilpatrick units) 1.7
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Figure 8.11: RMS emittance and losses along the RFQ.

The SPES RFQ will be normal conducting and opegatmthe CW mode, its size being
similar to the one which is being built for the BRL2 project [17].

We propose a four vane structure, divided in 8 nexlof approximately equal length. The
cylindrical tank (800 mm diameter) is in Cu-platedin, properly annealed. The electrodes are
built out of OFE copper and 316LN stainless stbedzing under vacuum will be used to build
the cooling channels and the interface referendacses between electrode and tank.
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The electrode modulation will be milled to the finalue after brazing, and as the last
operation the electrodes are positioned, alignetl kanited to their final positions in the tank.
Vacuum tightness is guaranteed at electrode basegdular gaskets, which can be inspected
and substituted without removing the electrode. Rikejoint is at the electrode basis, with a
current limited to about 14 A/cm even in the undéregion (see later).

In Figure 8.12 the cross sections of the cavityegsponding to the Low Energy and High
Energy RFQ Sides are shown. It is possible to adtiat the minimum value of yWs about 2.3
cm and its maximum value is 3.0 cm. It should beced also that the maximum current density
at the RF joint is 12.6 A/cm.

SE=

SE ] [ @
e

F = 73.412289

Ry=5.03 mm

F = 79.401879 M

Ry=5.76 mm

p=4.024 mm p=4.608 mm
] V=63.8 kV V=63.8KkV |
Wy R,,=426 kQ*m R,=450 kQ*m
T W,=80.1 mm Wp=75.3 mm |,
=18237 Q,=18575

Jioi=13.9 A/em.. oim=13.5 A/cm..

As to power consumption calculations, it has topbeted out that the total powegdis
related to the 2D power calculated by SUPERFISHngns of the relationship

PRF = SFa?: IIp,RF

whereasp=1.3 is a factor that takes into account the 3Bdegirr = 1.2 takes into account
the margins for the RF System losses (losses itirteg and in the circulator, finite bandwidth of
the amplifier etc). In the following table the md&Xk parameters are shown.

Table 8.6: Main RF parameters

Shunt Impedance (SF) 426-450 kQ-m
QO (SF) 18000

Copper power (SF) 80 kw
Stored Energy 29 J
Max H field (2D) 1400 A/m
Max Power Density (2D) 0.25 w/ém
Total Power 125 kw

The RF power will be fed by a single amplifier unésed on a TH535 tube (180 kW max
power in CW).

The vane terminations and undercuts are the regibngaximum power density, and have
to be properly cooled. Moreover, with bolted eledes one has to be careful about the

193 Chapter VIII — The ALPI LINAC as RNB Accelerator



maximum current across the RF joint at the basithefelectrodes. The design proposed (Fig.
8.12) is such to keep the current density alwajyevbéhe value of the 2D cross section.

HFSS [18] simulations showed that, at the electiwakee where the RF joint is foreseen, the
maximum current does not exceed 14 A/cm (evalufxted Superfish, and shown as a dashed
line in fig. 8.13).

RF joint

Figure 8.13: Detail of the electrode on the High Energy Sifi¢he RFQ, with the location of the RF
joint.

Some comments have to be made on the tuning rahdkeostructure, related to the
construction and alignment tolerances. The seiitgitiith respect to geometrical errors was
numerically addressed, and it was found that tmsigeity is Xro=0f/0R0=3.6 MHz/mm. This
means that a 0.2 mm misalignment of one electrodes @ frequency shift of 720/4 kHz = 180
kHz. Therefore, in order to allow positioning thlearodes with £0.2 mm precision, a tuning
range of + 720 kHz is needed. It has also to batpdiout that, due to the favourabla Iratio of
this RFQ, the ¥ upper quadrupole mode is about 2.1 MHz away froenfindamental one. As a
consequence, the tuning range can be used maintofopensation of misalignments. To tune
the structure, a system of slug tuners has to beséen. The high value of the shunt
impedance*length for such a structure and the pavegability of the RF source allow the
implementation of a rather large tuning range.

8.3.5 Beam Dynamics of the Matching Line betwee@ Bid ALPI

The matching line between the SPES RFQ and ALA,tha task to perform a quite long
beam transport (~ 20 m), without introducing angrdelation; the beam in the longitudinal plane
is kept focused by means of 3 normal conductingcbars, similar to HEB1 and HEB2 of
PIAVE, with a maximum strength EL) of 111 kV, for the reference ion’Snt®* (A/q=7), in the
buncher located nearest to the SPES RFQ. In figur the envelope lines from the SPES RFQ
to the low beta cryostats of ALPI are reported.
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Figure 8.14: Multiparticle beam envelopes from the new RFQROE, from left to right.

8.3.6 New layout of the superconducting linac AlolRhe SPES framework

The present configuration of the LNL super-condwgtaccelerator linac (ALPI) fits the
requirements for SPES post acceleration too. Nesleds, an upgrade of its performances both
in overall transmission and final energy is needra;h upgrade is obtained by elaborating a
layout which minimizes the impact on the preserd [d9].

The super-conducting linac ALPI is injected, atgam, either by the XTU tandem or by the
SC PIAVE injector (see Fig. 8.1). The linac (at firesent 68 accelerating cavities for a total
equivalent voltage of 48 MV) consists in two bragshconnected by an achromatic and
isochronous U-bend: these are referred, in thioviahg, as low-energy and high-energy
branches. The ALPI period consists in one tripled @ cryostats (4 cavities in each cryostat),
and a diagnostic box (profile monitor and Farad®y)¢n between.

The PIAVE-ALPI complex is able to accelerate beaipso A/q ~ 7. Higher A/q ions suffer
from too low injection energy into the mediyimeryostats, where the RF defocusing is too
strong and the beam gets easily lost onto the ycldeam ports. In the latest years the average
cavity accelerating field in ALPI has been enhanogdnore than a factor of two with respect to
the original design value. The strength of the &weg lenses, on the other hand, has remained
the same, i.e. 20 T/m; therefore, even for 6 <A/g, it is hard to design a proper longitudinal
beam dynamics without beam losses in the transydrase space. To fully exploit the available
acceleration gradient, some improvements are redjuir ALPI layout. The just accomplished
upgrade of ALPI cryogenic plant has provided arraase in the refrigeration power by more
than 300 W (from 700 to more than 1000 W), thusigliag adequate redundancy and leaving ~
100W available for new cryogenic installations.

In this framework, it has been proposed to prontbee presently “bunching” cryostats
CRB2 and CRB4 (at the beginning and end of ALPIXHe role of “accelerating” cryostats
CR21 and CR22, equipping them with 8 additionaldgiitered QWRs.

The role of the 160 MHz buncher CRB2 can be takethb already existing 80 MHz NC
buncher HEB2 in case of relatively light beams ¢tge by the Tandem into the 160 MHz
mediumpgp: Section directly, without significantly increasitige beam loss (this will be verified
experimentally in 2013).
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Two QWR cryostats, available at present in the HHAMjector, shall be relocated in
positions CR0O1 and CRO02 (presently empty) in otdeaccelerate the SPES Radioactive lon
Beam (727 keV/A) to a sufficient beta for injectionto the present ALPI configuration.

The layout of the new very-first section foreseedifeerent period: CRO1, triplet, CR02,
triplet, so as to reduce the longitudinal phaseaade (see the envelopes in figure 8.15). The
remaining layout of the linac will remain unchanged

In this scenario, the average operational valugbefccelerating fields will be: CRO1 and
CRO2 at 4 MV/m, CR03-CR18 at 4.5 MV/m and CR19-CR25.5 MV/m. These values are
consistent with well-proven on-line experimentaui¢s.
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Figure 8.15: New ALPI Layout: the low beta (red circles), begivith a shorter period.

By using this new ALPI layout and thanks to thetdees of the new RFQ injector (fig.
8.16), the losses in the ALPI linac are reduced &%: 3% in the low-E branch of the linac and
the other 3% in the high-E branch of the ALPI lifaee figure 8.17). The input distribution is
assumed to be gaussian at &ith a longitudinal phase cut at +/-50°. In thesign of the new
injector, we assume having a beam emittance tWarger than the ones measured on PIAVE
beam, in order to be on the safe side.

The beam is focused in between cryostats with aspe of about 0.3 mm RMS. In the first
half of ALPI the synchronous phase is set to +/~ @3 needed to focalize/steerer the beam and
to reduce the longitudinal phase advance). Afterdtbend of ALPI, the cavities phase is set to -
20°.
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Figure 8.17: Multiparticles beam envelopes of the ALPI anddgssvith the beam coming out from the

new RFQ, from left to right.

Table 8.7: PIAVE-ALPI versus new RFQ-ALPI

Parameter [units] PIAVE- new
ALPI RFQ-ALPI
Alq 7.0 7.0
Output Energy [MeV/u] 10.1 10.3
Output RMS Long. emittance 18 32
[degkeV/u]
Alpi Transmission [%] 88 94
Total Transmission [%)] 62 90
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In table 8.7 a performance comparison between PlaviE SPES RFQs, as injectors of
ALPI, is reported. The new RFQ shows a better gldtansmission, mostly due to its efficient
internal bunching section.

The low longitudinal emittance, produced by the i#Q, plays an important role allowing
a good transport through ALPI. On the other hatdhe linac endthis high transmission can
induce a larger beam emittance on the longitugtaaie.

An upgrade of ALPI triplets has been taken intooact in order to increase the machine
performances. In this scenario these tripletsteegrincipal limit, i.e. their maximum quadruple
gradient 20 T/m does not permit to reduce the B$seero with any injectors. The actual limit
onoutput energy is also connected to the dipole marimigidity at the end of ALPI and to the
problems/costs connected with the installationenf ryostats.

The following paragraphs will cover the major impements,required to make ALPI an
appropriate and refurbished accelerator for a resdy long period of time. Specific upgrade
measures regard both the low-beta section, witim@novement of the operational accelerating
fields (par. 8.4), and the addition of more crytstaith accelerating cavities in the high beta
section at the end of ALPI, to exceegcH) MeV/A for radioactive nuclear beams (par. 8.5)
Moreover new diagnostics station is foreseen ireotd be suitable for both stable (and pilot)
and RN beams (par. 8.6). Rejuvenation measurebeannsidered those on the cryogenic plant
(par.8.8), to be implemented in addition to theréase of the cryogenic power capability which
has been recently achieved. Preliminary consigerstabout replacement of vacuum and
forevacuum pumps, together with the possible regquémt of common storage of pump exhaust
due to radioprotection requirements are being naalépar 8.7).
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8.4 Upgrade of ALPI “Low Beta” Section

8.4.1 Introduction

Several upgrades are necessary for ALPI, in ordesetve both as a RNB accelerator for
SPES and as the Tandem and PIAVE booster for stelalems. Between them, the upgrade of
the lower beta part of the linac was the first tmbe funded.

The superconducting linac PIAVE-ALPI includes a ibeta section made of 20 bulk
niobium quarter wave resonators, working at 80 Miiith =0.047 and 0.055 (see figure 8.18)
[20] .

Originally designed for operation at 3 MV/m with\W RF power, their high Q allows
significantly higher gradient, limited at present the existing RF system capabilities. An
upgrade program has started at LNL that includesctinstruction of 4 additional cavities, the
adoption of 1 kW RF power amplifiers and modificat of the cryostats necessary for cooling
of the RF couplers. The activity program has beemducted in collaboration with TRIUMF
(Vancouver, CA).

The final goal is to increase the voltage gainh@a low-beta section from the present value
of ~10 to above 20 MeV/q, allowing efficient acgakton of heavy ions with mass number
around 200.

The ALPI low-beta section includes, at presenteehcryostats, each containing 4 bulk
niobium quarter-wave resonators (QWR'’s) witk0.055 working at 80 MHz [21]. Room for one
more cryostat (named CR3) was left at the beginafritge line. Two cryostats of the same type,
hosting3 =0.047 cavities of similar design, but with atigted inner conductor [22], are part of
the PIAVE injector, for a total of 20 low-beta ctws. These large cavities, powered by 150 W
RF amplifiers, are equipped with mechanical damperseduce their sensitivity to ambient
mechanical noise [23] After several exposures tdaliowed by high pressure rinsing, during
their lifetime, the resonators still have an averggadient ~ 6 MV/m with the nominal 7 W
power dissipation; this gradient, however, can lzentained in operation only in exceptionally
stable conditions of the Heelium pressure. These low-beta QW cavitiesaat, fare 100 times
more sensitive to He pressure variations than Gedbacavities ones (1 Hz/mbar vs. 0,01
Hz/mbar); in addition, they are less stiff and leentwre susceptible to mechanical vibrations.

For long-term operation, to avoid cavity unlockirtge gradient is usually set within 3
MV/m in ALPI. The RF system, originally dimensionddr this gradient, allows a steady
forward power of about 50 W per cavity. The resigtivalue of the P/£ ratio gives the
minimum RF bandwidth for safe operation in ALP&.iabout +15 Hz. To increase the gradient,
a higher forward power is required. Above 50 W, bwoer, the thermal drift of the RF coupler
and RF lines inside the cryostat causes excesswmemlosses and unnecessary dissipation of
liquid helium. In PIAVE, where the cryogenic systgomarantees a much more stable pressure in
the helium circuit, the operation gradient candisad up to about 4.5 MV/m.

8.4.2 Upgrade Plan

To set up the low-beta section upgrade plan, wk &alvantage of the experience developed
at TRIUMF, where similar resonators [24] are opsilahbove 6 MV/m by means of a more
powerful RF system and cooled RF couplers [25].

The upgrade actions are the following:

1. Replacement of all the 150 W RF amplifiers vilitkW units;

2. Replacement of all existing 80 MHz RF couplershwew ones cooled with liquid
nitrogen;

3. Modification of all low-beta cryostats to allayge of the new couplers;
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4. Construction and installation, in ALPI, of ondd#ional cryostat hosting $=0.047
resonators.

5. Installation in ALPI-PIAVE of a liquid nitrogedistribution system.

The upgraded cavities are expected to operatasitde 5 MV/m, giving a total voltage gain
of above 20 MeV/q, as required. The average forviRitFdpower required leaving +15 Hz RF
bandwidth at 6 MV/m is about 200 W, but up to 6003Nequired for safe long term operation
and for pulsed power RF processing. In a firstspithe new amplifiers were installed in the old
cryostats. This allowed operation at a slightlyQ%J higher gradient than the previous one,
since the available extra power allows operatioth \&inarrower bandwidth. In a second phase a
new cryostat, equipped with the new RF system aitldl tve cooled couplers, was installed in
ALPI, becoming the test bench for the new equipménta third phase, all the cryostats are
modified and upgraded for coupler cooling. The waiik be performed in low-duty-cycle
background in order to avoid interference with limac operation, is still in progress though
very close to completion.

8.4.3 Hardware Development

8.4.3.1 Quarter-wave resonators

The 4 new cavities are of tifge=0.047 type with flattened inner conductor. Comgarethe
existing PIAVE ones, they have been modified ingteenless steel top flange, in order to allow
removal of the mechanical damper without the ndexpening the indium seal, and in the tuning
plate, to allow a tuning range of about 30 kHzeéhtimes larger than the previous one.

Flgure8 18: The Iow-beta cavmes in their construction phase
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8.4.3.2 RF system

A 1 kW solid-state RF amplifier working at 80 MHashbeen developed for us by a local
company. These small size units could replace ket ®0 W ones with no modification to the
system.They can deliver continuously an average poweo00 W in full reflection, and more
than 1 kW in pulsed mode.

8.4.3.3 New RF coupler

The new RF coupler (fig. 8.19), inspired by the C3Pones [26], has been designed in order
to maintain a stable temperature with a forward group to 500W, while limiting the thermal
load to the liquid helium system within 1W. Botletimner and the outer conductor are made of
copper and they are thermally connected by meaasspfit ring piece of SHAPAL-M dielectric
with high thermal conductivity. Two Teflon slidirqngs reduce heat exchange with the stainless
steel housing, which is shaped with a reduced @ectear the holding flange. The coupler is
moved in and out through a rotating shaft driveralstepping motor on the cryostat top flange
with a pinion-rack mechanism on the housing. Thenrdéference from the TRIUMF model is
the 90 degrees corner near the connector, thatsakeeping the overall length within 160 mm
(the maximum available space in our cryostats) evi@@ving an effective stroke of 80 mm.

Figure 8.19: Cut view of the new cooled RF coupler

8.4.3.4 New tuning plate

The new tuning plate (fig. 8.20) for the QWRs iscah modification of the TRIUMF design.
The plate is cold shaped from an annealed bulkimmwlsheet with a thickness of 1.25 mm and a
264 mm diameter. A central 80 mm diameter circtlitrsurface is surrounded by an S-shaped
deformation zone having wire-spark cut, with 2diahslots in order both to reduce the load
required for displacement and to increase the turange.

An aluminum cover, fixed to the plate, keeps thasstlosed when the tuner is in the rest
position, preventing dust contamination of the gaduring assembly. A cylindrical niobium
block is welded to the centre of the flat surfaogrfacing it with the mechanical tuner already
in use on QWRs.

The new tuning plate allows both initial frequenagjustment at room temperature and
frequency tracking at 4.2K without any further miaahg. The plates are capable of 14 mm
displacement, going beyond yield point at room terafure, without any modification of the
mechanical tuner. The corresponding frequency gurange is about 30 kHz.
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8.4.3.5 Cryostat upgrade

The low-beta cryostats are being upgraded in ot@lerope with the increased RF power
(fig. 8.21). A new line was required to bring liguiitrogen inside the cryostat with an adjustable
flow rate to fit the RF power requirements. A coppkeet, cooled to 77 K, shields the helium
reservoir from the heat radiated by the RF calftesr strips of copper braid, brazed to copper
blocks linked to the liquid nitrogen pipe by tighermal contacts, provide heat removal from the
couplers. The shield, all the tubes and jointskmeasily dismantled during cryostat and cavities

maintenance. A serial connection of the coupledsthr shield downstream ensures an efficient
cooling with a LN2 flow rate of only 5 I/h.

Figure 8.21. Sketch of the modified cryostat internal parte RF couplers are linked to a 77 K pipe

via a 20 cm long strip of Cu braid. A Cu shield7a&tK prevents heat irradiation from the RF cables t
the He reservoir.
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8.4.3.6 Present Status of the Upgrade Plan

Out of the four cryostats with lower beta full Ndsonators (CR03-CR06)wo (CR03 and
CRO5) were fully upgraded and are now operaticaé#fird cryostat is being maintained (CR04),
while the intervention on CRO6 is foreseen to taleee within spring 2013.

Figure 8.22 shows a photo of the liquid nitrogeinigeration system of the resonators in the
CRO3 cryostat. Extended tests carried out in 20f0cryostat CR0O3 [5] showed that an
accelerating field of 5 MV/m (at a forward power BE200 W) could be sustained (phase-
amplitude locked conditions) during 5 days. Casitieere locked even at 6 MV/m for shorter
periods.

Figure 8.22: Photo of the N-cooling scheme of full Nb 80 MHzR3Wf ALPI.

It needs to be emphasized that all changes on tbestats proceed at the low pace
dictatedboth by the priority use of the facility to deliveeams to the experimental stations for a
large fraction of the time and to the limited crgog crew, whose priority is on operating and
fixing problems on the cryogenic plant.
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8.5  ALPI Cost-effective Energy Upgrade

8.5.1 Introduction

For ALPI as an RNB accelerator, an increase irfitta¢ energy so as to go well beyond the
Coulomb barrier for nuclear reactions involving n#idprojectiles and heavy targetss
desirable.

A cost-effective E upgrade is proposed here: to move 2 SC bunchestetg, which
presently house a single working SC QWR but aradstal cryostats which can be equipped
with 4 Nb/Cu QWRs each, to the end of ALfAkw bunchers would either be NC QWRs or a
single SC cavity cryostat).

The contribution of these cryostats towbuld be extremely effective: as an examptéan
beam, a very attractive tool for the nuclear prg/siemmunity, would reachyELO MeV/A with
Irearz 1 PNA. The upgrade of ALPI cryoplant, which incged the refrigeration capability by
~30%, makes this change possible today.

8.5.2 Running Progress in the Final Beam Energyidable with ALPI

The ALPI linac has seen a continuous upgrade innimaber and performance of its
accelerating cavities, and consequently of the mari achievable beam energy. An increase in
beam current was, else, obtained when the reqaitetyy could be obtained using a lower more
prolific charge state.

In the early nineties, the 160 MHz QWR resonatarediumfBy, Ssection) originally
featured a superconducting Pb layer, electrodegmbsinto a bulk Cu substrate, with the rather
modest average accelerating field,£2.7 MV/m at 7W. Once the Nb sputtering technology
was mature, it was successfully applied to the dri§hsection resonators (also at 160 MHz), the
Cu substrate of which had been optimized for thdtsgng deposition, achieving,&~6 MV/m
and beyond. Later on, all resonators were stripgate Pb layer and equipped with a Nb one,
onto the same Cu substrates (not optimized fortesog): the average accelerating field of the
mediumf3 section thus increased from 2074.8 MV/m at 7W. The increase of ALPI equivalent
voltage in the period 2000-2006 is shown in fi®238.where the contribution of full Nb lower
beta resonators (see previous paragraph) alsodotayae.
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Figure 8.23: Previous upgrades of the accelerating field of Atd3onators ended up in more than
doubling the linac overall equivalent voltage.
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8.5.3 Further Upgrade of the Medium Beta Resonators

As anticipated above, a further optimization of #ezelerating field of the medium beta
resonators can be achieved, by new substrates geitimetry and construction technology
suitable for the deposition of a Nb layer per sty [27,28].

Similarly to higher beta resonators, the designhef high-H field region in the mediuf
QWR resonator (connecting the central stem to th&eroconductor) of a prototype ALPI
cryostat (CR15) was modified, allowing for an imyped quality of the SC layer there.

Differently form high beta cavities which have exi@ beam ports screwed to the cavity,
the mediumf cavities need beam ports protruding into the gatot obtain the design beta.
These beam ports are no longer brazed (with a st@rger) but rather extruded from the Cu
outer conductor itself (with a rounded-off cornexg,shown in figure 8.24.

New shape

Old shape

A L

Figure 8.24: The change in shape of the interior of medium betanators, tested on cryostat CR15
on ALPI linac in 2012, is shown. See a detailedrepm ref. 27.

As shown in [27], the results obtained on the prqte cryostat CR15 are promising, (k=
5.5 MV/m at 7W), and susceptible of significant nmypement, due to the long storage time that
these cavities had to suffer since they were smattdefore being assembled on ALPI.

Such upgrade, which is certainly cost-effectivehawever significantly time consuming
since it requires dismantling operational cryostatene by one — while keeping all others
operational for the scheduled experimental camaigrwill be applied, in the future, for any
cryostats requiring special maintenance; howevar,af swifter energy upgrade of ALPI, the
preferred option is different (described in thedwaling par 8.5.5), i.e. to add 2 cryostats with
accelerating cavities at the end of ALPI (positicddB21 and CR22), derived from cryostats
presently housing bunching resonators.

It is to be noticed that any addition of elementsTa4,2K would increase the overall
cryogenic load of the linac, while the refrigeratioapacity of the cryogenic plant was already
absolutely marginal. For this and other reasoms,recently accomplished upgrade of ALPI
refrigerator was deemed to be mandatory.

8.5.4 The Proposal for a Cost-Effective UpgradenPla

The recent and on-going progress on the on-linmpeance of SC cavities made it possible
to increase the final available energy of both medA (**°Sn, ***Xe, *Sm) nuclei to 8.5+9.5
MeV/A and heavier nuclei*{’Au) to 7.5 MeV/A. A further upgrade is necessaryr¢ach 9.5
MeV/A for heavier species and more than 11 MeV/Arfedium-A ones.
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As anticipated above [29], a rather swift improveini final energy can be obtained by
adding two additional cryostats (CR21 and CR22)mupd with high beta resonators at the end
of ALPI. The final beam energy for the refererfcé&Sn beam would be 10.3 MeV/A with a
charge state q=18+ (see par. 8.3).

In order to perform this task with limited expenuld, it is proposed to shift cryostats CRB2
and CRBA4 to positions CR21 and CR22. CRB2 and C&B4dentical to all other cryostats and
perfectly suited to house four accelerating cavigach but, as a matter of fact, they presently
house only two SC cavities each, which are usdzkas bunchers. Beams injected from PIAVE
(housing 80 MHz SC cavities) already by-pass CREi off) and are re-bunched by the NC
bunchers HEB1 and HEB2, the latter one being plaicgd after CRB2 on ALPI beam line.

Cryostat CRB2 (housing 2 160 MHz SC QWRs, only ohwhich is needed, and with the
marginal maximum accelerating field of 0.3 MV/ng,used nowadays only with beams injected
from the Tandem, when the 80 MHz section is off #&mel beam is sent directly into the 160
MHz mediumf section (from cryostat CRO7 onwards). If possilite, role of CRB2 would be
simply taken in the future by HEB2: only simulatsoand ad-hoc experiments to be conducted
during the first half of 2013 can indicate whettiee smaller longitudinal acceptance of the 80
MHz HEB2 buncher is adequate to this purpose, atiadr it would be a bottleneck, causing a
drop in beam transmission.

In place of CRB4, at present requiring one cavityking at the maximum field of 0.36
MV/m, either two normal conducting resonators @@ one will be needed, depending on the
maximum field required.

A complete simulation of the beam transport in ALWith the addition of the two higf
cryostats, was described in par. 8.3. The casgestisla'*’Sn'®* beam from the SPES injector.

8.5.5 New Accelerating Cavities

The 8 new accelerating cavities, to be installedeifurbished cryostats CR21 and CR22,
shall be of the higlfs- Nb-sputtered type, as well as the new one whicktrbe dedicated to
beam bunching (CRB4).

It is proposed that the new CRB4 be a single-QWHumehing cryostat. For homogeneity
with the rest of the plant, this cryostat shall éna gaseous He thermal shield and common
vacuum for thermal insulation and the beam trartspor

The whole project requires modest investment, siicexploits most of the existing
equipment, conveniently reshuffled: a limited restinent of the cryogenic lines, a few
additional Cu-based cavities and the addition sihgle-QWR rebunching cryostat would be the
higher cost components required.
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8.6 Beam Diagnostics Tools for SPES Beams

This paragraph describes the R&D activity beingriedrout for the low-I diagnostics,
required from the target-ion-source system to thal fexperimental stations after ALPI. After
the CB, and in front of the experimental statidmg) diagnostics boxes of the type described in
chapter 7 (for the identification of the RA spetiedl be implemented too.

To control the reaccelerated beam along the RNB, lthe following kinds of beam
diagnostics devices are needed: beam profile morstarent monitor, and energy and time
detector.

8.6.1 Beam profile monitor

These devices should be conceived for two diffebeatim current regimes for the following
reasons. In order to drive the radioactive beamnglthe linac, the idea is to use first the so
called “pilot beam”, a stable beam with the sameBRMN( ratio, to set up the magnet and the
cavities; only once the setting with such stablanbés made, with possibly minor setup changes
the radioactive beam can be accelerated. The Ipdaim shall feature beam currents in the nA
regime, while the RNB shall have currents of fAass.

Due to the different range of current involved, tditferent diagnostics methods are needed
on the same diagnostics box positions along thendaee. The philosophy adopted is to keep,
up to the possible extent, the same box geome#tyvile have on ALPI at present and to keep
also the same acquisition system. Concerning tlo¢ péam, the idea is to use the same grid
systemcurrently in usen the linac, with some improvements regardingvtive grid robustness
and the positioning precision.

In order to monitor the position and profile of ttaelioactive ion beam, some new detectors
must be designed, due to the very low beam cufoeeseen. For example, taking the various Sn
isotopes as standard production from the targetirttensity goes from 5x¥@o 1x10 particles
per second [30], i.e. from hundreds of pA to theégime.

Since 2001, the LNL Diagnostics Laboratory desigaed tested new detectors, such as
beam position and profile monitors, based esséntiad micro-channel plates (MCP) [31] as
beam intensifiers. The very simple idea, for theBRbdse, is to put a MCP directly on the beam
line. Electrons produced on it and collected, aftedtiplication, on a position sensitive anode
give the beam impact position [32]. A new collegtianode was used with horizontal and
vertical capability on the same plane (see fig.Bvi@th 0.75 mm position resolution.

Figure 8.25: MCP system (left) in front of a collecting anodelft). The collecting anode consists
of 1600 pads (40x40 in H and V direction), linkdtermately to each other to form 40 horizontal a4l
vertical strips on the same plane, but not shottegkther.
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During the past years many tests have been pertbameé recently some good results have
been achieved. In fig.8.26 (left) the H and V deofif an estimated 10 fA beam currenf'%ta
beam is shown. On the right hand side, 100 fA efsame beam is shown. The two horns on
both directions are due to a screen with 2 holespBdiameter and 10 mm apart, placed in front
of the MCP at 45°, so as to estimate the posit®olution. In terms of particles per second, as
the charge state of the beam was +9, we are iratige of 16-10° ions per second.

Figure 8.26: (left) beam profile (H and V) of 10 fACa, (right) beam profile of 100 f&Ca: the two
horns are due to a screen with 2 holes in frorthefMCP.

The front end electronics will be the same thatuisently used for stable beams: hence, for
the machine operator, everything will look familfmom the point of view of the diagnostic
program graphical interface. Since the two detsctoill be inserted into the same position
within the diagnostics box, some improvements héll’e to be made in the management of the
grid movement mechanism, to avoid mechanical ieterfce.

8.6.2 Beam Current monitor

Faraday cup for current measurements could be sare iat the low RNB intensities. A
strong R&D programme on electronics is necessaryas to reach the signal-to-noise ratio
sufficient to measure 10 fA beam current; someddesen from the electronics developed in
REX-ISOLDE at CERN are currently under investigatid-or less than 10 fA, a counting
technique seems to be the only possibility.

8.6.3 Energy and time detector.

Two other important beam parameters (energy andholength) are not a big challenge at
this very low intensity, because the same technagueurrently used in ALPI could be used also
for the SPES beam: MCP for timing structure anatail detector for energy and longitudinal
emittance measurements. A problem could be therigeeed to gather meaningful information
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8.7 Vacuum System for SPES

In the framework of the SPES project, there are twan reasons which demand to renew
the ALPI vacuum system completely. First of alke ttirculating RNB species along the beam
lines is a diffuse source of contamination whiclstiiets the actual pump specifications.
Secondly, in view of an experimental campaign of ém two decades with SPES beams, the
pumps must be replaced due to their general sogmifiageing.

Although the actual level of vacuum is satisfacttaryninimize beam losses (low i@nbar
range in warm conditions), the vacuum pumps mustiwgway replaced, for operation in
presence of radioactive contamination, becauskeodlifferent requirement of maintainability. In
fact, due to losses of radioactive beams and ia ocdsicceleration of species of relatively long
life time — or isotopes with long time decay pracesthe presence of radioactive contamination
in the ALPI beam line should be very low, but thlests in terms of time and money increase.
Not only additional safety precautions for persdnmeist be taken into account, but also
procedures for waste storage and disposal musteed out, to avoid further dispersion of
radioactivity.

Thus, it is mandatory to choose pumping systemd$ vaigh reliability, for minimal
maintenance and with low waste production. Moreptiee control of contamination within
these systems should be easy to inspect. Whilenthgnetic turbo-pump is the high vacuum
pump choice, dry sealed pumps must be preferrefdy @s for roughing-vacuum or fore-vacuum
pumping is concerned.

The present status of ALPI vacuum equipment — aieitlg its control system — dates back
to the early nineties. Both in ALPI cryostats anddiagnostic boxes, turbo-molecular pumps
equipped with magnetic bearing, backed by rotamnmsi with zeolite traps, are installed. The
ALPI transfer lines towards the experimental haliske use of turbo-molecular pumps coupled
with sputter-ion pumps for high vacuum. All the gmuent has been almost in continuous
operation since the installation, and only on tibd-magnetic pumps a heavy maintenance was
made after more than ten years of operation. This due to a period of frequent power supply
interruptions that broke many pump bearings: #tet were replaced, along with the rotors.

In the last year, vacuum equipment ageing was wugefl by an increasing rate of failures.
Technical assistance suggested renewing the ALEUuma components so to guarantee their
availability for long term steady operation.

Most of the obsolete pumping systems in ALPI areated in the beam transfer lines
towards the experimental halls, downstream thetjondetween the TANDEM and ALPI exit
lines. Most of the pumps (turbo, ionic, and rotairy)these lines were installed 30 years ago.
Nowadays not only is their maintenance very codblyt the control system precludes the
possibility of an automatic operation for settingerating and monitoring the vacuum system. In
late 2012, LNL decided to equip one of the expentakbeam transfer lines (namely the one to
the &1 P-Experimental Station) with a completely new pumgpsystem. The new layout
foresees a combination of two turbo-molecular pumipls (250 I/s) backed by dry sealed pumps
(20 n/h) and two sputter ion pumps (110 I/s). The laystiown in Figure 8.27, provides a
lower than 2x18 mbar pressure, everywhere along the line (Figlze)8
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Vacuum System for the Experimantal Line 8PLP (ver. 2.0 del 19/06/12)

P (mbar)

12545
Nitrogen LIne|_—|-
Accelerator Line %
Experimental Line
s I1 PI2
¢ Vi @p“ w & = V2
o I% m D%_“_- w1 u Ty TRTIp— E — T fr— DEQ
L L IIJ_II IIJ_II L L
= - =1 @@ Ge2 @-He GE2
I\
@ @
VB2 GL GE1
(o) P2
VA2 VB3 %l_{—n—@ GB3
i
Legend:
e Pumps
oo PIn: Ion Pump (110 Lt/s)
o PTn: TurboMolecular-Pump (250 Lt/s)
oo PPn: Primary Pump (20 m3/h)
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oo Vn: In Line Gate Valve
. VAn: Group A Gate Valve
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o GEn: Esperimental Line Gauge (Pirani/Penning)
(1] GAn: Group A Gauge
oo GBn: Group B Gauge
Figure 8.27: Vacuum System for the Experimental Li7LP
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Figure 8.28: Vacuum Profile for the Experimental Line 8F

Although turbopumps equipped with magnetic bearing are virtufatle of maintenance,
reduce the@mplementation cds, it is possible to choogaumps with ceramic bearis. As a
drawback, maintenance i®quirec every two years of continuous operaticMaintenance
operations can be performed in house and leadryosveall production of waste mate.

The SPES vacuum system will be prototyped relyingtlis newprototype layout. The
devices will be used as a standard for the new gngtation and will be used also
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prototyping the new vacuum control system. As sa®the upgrading of tha®BP experimental
channel will be completed, the new vacuum contystesn will be extended to all the remaining
channels, and afterwards to all pumping station&LiRI cryostats, diagnostic boxes and beam
input and output lines, including those involvedtbg ALPI upgrade in the SPES project.

The new control system design is based on Siemdts, Bperating under EPICS
supervision. The PLC will provide for the settingdathe operation of all the vacuum devices
(pumps, insulating valves and vacuum gauges) botloimal and emergency conditions. All the
acquired data will be remotely available and stame@n EPICS-based server.

As a matter of fact, the reliability of the presehitPl control system is fairly good.
However, it is based on unusual components buillabyexternal company, which are now
obsolete. It is then impossible to ensure long teyperation or maintenance in case of
component failure. The upgrade of the vacuum cosyrstem is hence a mandatory objective for
a long term-use of the SPES facility. Not only dadacrease the reliability of ALPI cryostats,
but it is also important for safety considerations.

Concerning fore pumps and roughing pumps, theurb&hment is also mandatory, both in
ALPI and in the experimental halls.

The necessity of convoying exhaust gas residuesarommon storage shall be evaluated,
according to the radioprotection requirements (@pewvaluated).
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8.8 Upgrade and Refurbishment plan of the Cryogeni®lant of ALPI for SPES

At INFN-LNL three cryogenics plants are operation& refrigerators, for the linac ALPI
and PIAVE respectively, and one liquefier produclitgiid He from gaseous He for various
experiments (cavity tests, ultra-cryogenic antefanggravitational wave detection, and others).
The three plants share the gaseous He recovesnsystd some purification facilities.

The largest plant is devoted to the main linac (ALB3] and will be in operational also for
SPES, of which ALPI is the RNB accelerator. THanpis described quite in detail in Appendix
| of this chapter (par. 8.11). The rest of thespré chapter is dedicated to the upgrade measures,
either completed or proposed in the SPES framework.

First of all, the already achieved upgrade of AcBlogenic power capability (from 700 to
more than 1000 W) is described, which is a funddatesondition to be able to extend ALPI
with 2 additional cryostats with Nb-Sputtered cadf thus allowing a final energy of RN beams
beyond 10 MeV/A to be achieved (par. 8.8.1).

Beyond the cryogenic power upgrade, several systeqsre — after more than two decades
of operation — special measures: even nowaday<rfagenics of ALPI is subject to faults
which require frequent interventions and often dballow operation with the desired reliability.
Some failures or problems cannot be solved withtimeumaintenance, but require special
interventions.

In detail, special interventions should be targetethe following subsystems (parr. 8.8.2 to
8.8.7):

» Cryostats control System

* Alpi refrigerator control system

e Layout of linac cryostats

» Valve box for helium cryogenic transfer lines
« Compressor units

» Recovery and purification system

8.8.1 ALPI Refrigerator Upgrade

The helium refrigerator of the superconducting Aldicelerator was commissioned in
1991. It is manufactured by Air Liquide; it usesCéude cycle processing up to 150 g/s of
helium. It consisted of a Brayton cycle with twosgaearing turbines, also used to cool the
thermal shields of the cryostats, and Joule-Thonfd3®dhexpansion valve or, as an alternative, a
reciprocating wet expander (WE) for the liquid betli production. In 1991 the refrigerator was
accepted, with the WE, giving a refrigeration poweB8900 W at 60-70 K plus 1180 W at 4.5 K.
The use of the wet expander was abandoned sooto disediscontinuous stability of operation.
The subsequent continuous operation with only thevdlve was just enough, in terms of
refrigeration capacity to comply both for the stigelnd, at 4.5K, with the number of cavities
and cryostats installed (~ 700 W). In 2008, it vpasposed by LNL to install a third helium
turbine as an alternative to the WE, in order twease the limited refrigeration capacity at 4.5
K. The design of the supercritical turbine was@ssd to Air Liquide.

According to the calculation carried out with ardhturbine, processing up to 70 g/s of
helium, 300+400 W at 4.5 K can be added to thetiegjsefrigeration capacity.
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Figure 8.29: Photo of ALPI Cold Box, recently upéraded with&t@rbine.

Due to the higher priority of ALPI accelerator ogion with respect to upgrades, the
cryogenic system renewal was completed only in sen2012. Fig. 8.28hows ALPI cold box
after the installation of the third turbine. FiguBe80 shows the results in terms of refrigeration
capacity at 4.5 K after the upgrade. A measureckase of 360 W, with respect to the previous
JT configuration, can be observed.

Furthermore the refrigerator can process more imegjas, thus exceeding the 1100 W
refrigeration capacity at 4.5K as shown.
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Figure 8.30: Refrigeration capacity available at 4.5 K aftdret installation of the supercritical
turbine (green dots). The gain at 145 g/s, withpees to the previous configuration (red dot) is 400
680) = 360 W. In the actual configuration, withdL® in operation, an additional capacity is anyway
available, due the by-pass valve of T3 action aadditional isenthalpic expansion in series witk thr
valve (blue dot).
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The achieved result, in terms of refrigeration cayamakes it possible to compensate for
the additional 100W higher power dissipation, dwethe cryostat reshuffling process proposed
in the next paragraph, without losing refrigeratpmwer redundancy.

8.8.2 Urgent Upgrade of the Cryostats Control Syst

At present, the cryostats control is realized di®vis: each single cryostat has a dedicated
controller (fig. 8.39) which is installed in a ractogether with all the remaining electronic
equipment. Each single rack hosts 2 controllersfopming the cryogenic processes. These
components are very old and can no longer be maata

All cryostats are then supervised by software,aifesti in 2 industrial PCs dating from the
90’s, with the old and non-standard operating sysSgENX. Both the software and the PC are so
old that no spares are available. A simple hardviaitare or damage to a file system could
compromise the functionality of the cryostats @ Whole supervision system.

If a failure regarded the controller, only the tethcryostat could become uncontrollable
and should be kept off in the accelerator: thatlsimply decrease the final energy, unless the
cryostats hosting bunching resonators were affedteevhich case the whole linac would be
unusable.

If, however, the supervision system would break mlomo cryostat could be controlled and
the operation of the entire linac would be impo&sib

The first prototype of a new control system (fig38, based on standard and industrial
PLC, is at present in the test phase. As soon ssiljde, a revised version of this prototype, to be
extended to all controllers, will be realized, whishould be the best compromise between
functionality and cost.

ol N

Figure 8.31: New, PLC-based, cryostat control system and [ydat controller

8.8.3 Complete refurbishment of Alpi refrigeratmntrol system for SPES

The ALPI refrigerator was built by Air Liquide as @ototype project, based on their
standard refrigerator model “Helial”. The contrglseem is an old PLC model, Eurotherm
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PC3000 (fig. 8.32). This system is very old andgpare parts are no longer available. We have
just a few spares in house at present.

Figure 8.32: PLC Eurotherm and digital/analog modules of ALPlant control system (left)
Cold Box on-board components (right)

The risk of failure is large and the chance of yoplant fault, with no more spares for a
swift restart, is increasing. Unless a new condggatem is rapidly designed and ordered, a fatal
failure may imply at least 1 year stop of the pland of the accelerator itself.

The revamping of the control system is a demantiisg because this is a non-conventional
plant and the cryogenic process shall have to befudly studied and understood. The turbines,
for example, which are the core of the plant, ree@dry complex control system.

We could follow one of the three following routes:

- the first and safest is also the most expensivguteghase a new control system from Air
Liquide;

- the second could be the realization of the revagiypirhouse, by copying and writing step-
by-step the old control code to be written into tiesv PLC;

- the third possibility is to adopt the UNICOS startbthat is used at CERN to control all the
cryogenic systems of LHC.

The 3% option assumes that we may be supported by theNC&Rogenic team, at least in the

implementation phase. Future maintenance and lpesspgrades of a UNICOS-based system

(internally or with external support) should be pedy envisaged in this option too. This option

might be attractive also from the point of viewtloé increase in proficiency of the local stafft |

should be noted that, at present, the revampinguofsmall cryogenic helium liquefier (Linde

TCF20 plant) is being finalized with UNICOS, undeipport from CERN experts.

8.8.4 Change of the layout of linac cryostatshie EPES project

The future configuration of ALPI will include the&lditional cryostats, which are installed
in PIAVE at present, and two additional cryostatstiee high energy side (see par.8.5): they are
marked in yellow in fig.8.33. They will have to bennected to the cryogenic lines.
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Figure 8.33: layout of ALPI cryostats — in yellow the moditicas to the present layout

It will be necessary to modify and adapt the litearrange the space for the new cryogenic
valve boxes, which perform the task of distributliigiid and gaseous He between the cold box
and the cryostats.

Since the low energy cryostats use liquid nitrotgen in order to refrigerate the cavity input
couplers (see par. 8.4), connections with the iexjdiquid nitrogen distribution system shall
have to be realized, by installing all the necessguipment (sensors, cryogenic valves, flexible
hoses).

New racks, where to install the new control systenthe additional cryostats, shall also be
required. In fact, the cryostats presently opegatmPIAVE are monitored by the main PLC of
the PIAVE refrigerator and it is not possible tpaete their present control system (from both
the software and hardware standpoints) from the mpaogram. The new cryostat control system
will be identical to that which has to be installadhe rest of the linac (see par. 8.8.4.1 above).

8.8.5 Valve boxes replacement

The valve boxes (fig. 8.34), installed along ALPyagenic transfer lines, are equipped with
inner valves, which are totally inside the vacudrmarober and operate at cold temperatures.

Figure 8.34: Valve box of linac cryogenic transfer line
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Their only connection with the warm temperatureesis a little pipe (6 mm diameter),
which is used to activate the inner actuator, qylyapg 16 bars of gas helium. An advantage is
that these valves have small dimensions and a eedhermal leak.

If this valve, however, gets blocked during openatior obstructed to such an extent that
local warm up does not solve the problem, the gplution is to cut and open the vacuum tank
of the valve box. In this specific case, only te&ated cryostat would be out of order, while the
other cryostats would continue to be operational.

However, in case of a gaseous leak into the vateviacuum chamber, the entire cryogenic
transfer line would be vented and the whole linaldaot be operated: this would result in a
long-term shutdown of the entire linac. For thesaspns, in the SPES project framework, we
think it is wise, at least, to design and realrdeast 3 new valve boxes: 2 will be used for the
cryostats to be added in the SPES layout, whileting one could be kept as spare part, ready to
be installed in case of emergency. Of coursehenidng run, the replacement of all valve boxes
would be highly recommended (though quite expensingehe SPES budget scale).

8.8.6 Compressor Units Refurbishment

The compression units provide the necessary heinass flow to the Cold Box for the
cryogenic process. ALPI features 3 compressor wits 4 screw compressors. A supervision
control does not exist and, at the moment, compresare operated without any chance to
monitor the process remotely.

The compressors electrical power cabinets are 20syeld and their main components
should be replaced.

The frames of the compressor units (see fig. 8 &), one of them in particular, generate a
high level of vibrations (of increasing amplitudbat tend to damage other components. System
modifications must be investigated, so as to stilissproblem.

l Fiél:ll’ 8.35: Compressor units arid D
8.8.7 Recovery and Purification System

A number of very important refurbishments are regplion this system, in order to increase
the reliability of the entire ALPI cryogenic plaintthe SPES project framework.
These refurbishments are motivated and explaineziradter.
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Refurbishment of the liquid nitrogen purifier.

Refrigerators, in particular conditions or duringmge of their processes, tend to lose gas
helium that is generally recovered into the comrfrecovery system”. Dedicated compressors
store it into high pressure vessels (up to 200)bars

In order to refill the refrigerator with pure gamd compensate for the above mentioned
losses, it is necessary to clean it from contamsémater and air, in particular). The purification
process starts from the dryers (fig.8.36) whereviheer is removed at warm temperature. Then
the cryogenic purifiers remove air.

Figure 8.36: Gaseous helium dryers
At LNL, a Liquid Nitrogen Purifier is employed upsam the specific cryogenic purifier of
the cold box, essentially to clean the gas fromcairtamination. It is a standalone installation
and, independently of the conditions of the crynfdait can provide pure helium gas. With this
purifier, we avoid the risk of blocking or damagitige cryogenic purifiers of the refrigerators
(fig. 8.37).
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Figure 8.37: Internal purifier of ALPI refrigerator: damage,caourred in 2010 because of excessive
water pollution, is visible
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The LN2 purifier has been working for many yeanst ib is now suffering from frequent
faults, interrupting the purification process. Tuwagantee more reliable working conditions, it is
necessary to renew the control system and to regla® main components of the plants (as
valves, actuators and pneumatic systems).

Refurbishment and Automation of the Recovery System

In order to have an adequate storage of pure hejasfor various purposes and needs (for
example to accelerate the cryoplant start up oedoce the risk of plant stop in case of problem
with the purification systems) it is necessaryricréase the capacity of pure helium, by adding a
new tank (50 cubic meter) where to store the gagmat temperature (fig. 8.38).

The recovery system storage consists in 32 vegigls3.39), each ones of 2°nsapacity,
with a maximum pressure of 200 bars. All vessetsconnected in different groups, so as to
make the required storage volume available, depgndin the particular experimental
conditions. These groups are put in line, in ddférmodes which depend on the pressure
conditions and on the operation mode of the cryupla

Figure 8.38: present buffer system for pure helium gas at INFNL
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Figure 8.39: “manual” control panel of the high pressure stga (left) and high pressure vessels
(right)

The present control is fully manual, including vedv(fig. 8.47). This creates management
difficulties: in case of sudden evaporation of &arguantities of liquid helium, a large free
volume is required to store all the gas; in noromadditions, on the other hand, a continuous high
pressure flow of helium is needed, to optimize pheification process. At the moment the
operator is switching manually (and frequently)fra mode to another in order to cope with the
changing operational modes.

The installation of a dedicated control system waidindle the gas distribution, without
requiring the presence of a dedicated operatwrilllavoid
- therisk to lose gas helium in air, if the storagume is insufficient,
or
- the risk to contaminate/block the purifiers if theessure is too low for the purification
process.
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8.9 Conclusions

All the main upgrades and refurbishment of thedjnahich have been herein reviewed, will
make ALPI a suitable accelerator of RNB speciesldag years ahead. SPES will join brand
new installations (from the cyclotron driver to thew RNB injector into ALPI, passing through
the target-ion-source, the beam cooler, the HRM$th wothers (ALPI, transport lines,
experimental lines) which are 20+30 years old.

Concerning ALPI as an RNB accelerator, during thiestruction of the new injector (of which
the ECR charge breeder and the RFQ are the maipamants) it is mandatory to continue the
upgrade and refurbishment activity on ALPI, to opge it for RNB beams, while retaining its
capability for stable (and RNB-pilot) beams. Umlgraon cavity equipment and cryostats, both
on the low and the high energy sides, is requitegrbvide the required RNB energy (~10
MeV/A) with 90% transmission, for which an upgraafehe magnetic quadrupole lens gradients
from 20 to 25 T/m might be an asset. The vacuustegy must be renovated (both HW and SW)
to make it suitable to handle potentially activatesidues and as a consequence of its significant
ageing. The cryogenic plant needs increase oaviadable power, so as to create the required
redundancy and to refrigerate an increased numbearrymstats; meanwhile, extraordinary
maintenance on various systems will be conductedrder to make it better manageable and to
increase its availability. Last not least, ALPlagihostics boxes, able at present to detect
position, size, current, and energy-time featurfesigher current stable beams (nA scale), shall
have to be equipped with instruments targeted tA=@A current range (not straightforward
and time-consuming developments, which had beemcled well ahead of the project
construction).

All above mentioned activity shall have to be cortdd with the smallest possible interference
with PIAVE and ALPI being used for physics with lsabeams, during the foreseen 5 years of
construction of the SPES facility.
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8.11 APPENDIX 1 - ALPI CRYOGENIC PLANT

ALPI cryogenic plant, built by Air Liquide, was camissioned around 20 years ago. It was
designed for more than 1100 W of cryogenic powe#, @K and around 3900 W at ~ 80K,
though, for reasons which will be explained beltlhe cryogenic power at 4,2 has always been
substantially lower (below 750 W in operation),aue which became rapidly marginal, towards
the addition of new cryostats. With basically mgogenic power redundancy, the stability of
cryogenic parameters (pressure in the cryostatsatomy the transfer lines in particular) has
always been an issue, and a limit to the availgwoli the plant and the linac itself.

In view of another couple of decades of its expliiin with SPES, important and urgent
measures have to be taken, both to improve thet plarformances and to refurbish those
systems which most suffer from ageing and the ogpieent of which is mandatory for reliable
operation.

In this chapter, the main constituents of the gereyogenic plant will be briefly reviewed
(par. 8.8.1); technical figures of the overall ggaic systems at INFN-LNL (par. 8.8.2) and,
more specifically, ALPI plant and its main constitis are given (par. 8.8.3). Finally, the
upgrade and refurbishment measures — foreseer IBRES project — are discussed (par. 8.8.4).

8.11.1 Ideal Cryogenic plant

An ideal cryogenic plant, used both for refrigawatand liquefaction modes, is illustrated in
Figure 8.40. Typically, a reserve of gaseous hel(pore and less pure) and liquid is stored.
Gaseous helium, after being purified if necessargompressed to 10+20 bar and is subject to
the thermodynamic processes required to transfonmmoi liquid He. When gaseous helium is in
a closed cycle between usage and compression systeenhave the “refrigeration” mode. In
this process, ideally, the amount of helium isirngd. When the gas is used in liquefaction
systems (open cycle), losses are larger and hglunfication, before usage, is required.

Helium Gas

Cold Box Compressor(s)
Cooling/liquefaction) to 1-2 MPa)

Refrigeration| L _
Users Cu—mpress' K
jidaied to 20 MPa)l

Less Clean
.~ (20 MPa)

Idealcryoplant

Figure 8.40: Scheme of an ideal cryoplant

8.11.2 Cryogenics at LNL
LNL cryogenic plants are shown schematically in.Big1. Its basic constituents are:

- 16 + 16 tanks for the less pure helium with maxin operating pressure of 200 bara.
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- Tanks (buffers) for pure helium gas, each one icd¢ed to individual
refrigeration/liquefaction plants

- Cryogenic purifier (2x30 rith), working with liquid nitrogen

- Cycle compressors of the cryoplants, working @inimal pressure of 10, 13, 16 bar for
TCF20,TCF50, ALPI respectively

- Compression systems up to 200 bar for the regoMeevaporated helium

- Cold Boxes (CB), where transformations take e@lafor the thermodynamic
cooling/liquefaction of TCF20, TCF50 and ALPI

- System known as “Auxiliary Cold Box”, needed twat keep the heat shields of the
cryostats cold (at 80K), in case of stop of ALBjlaplant
- Another apparatus for gas recovery from differesdrs

. ; . D
AUX CB . | S20nNm %_ Helium pure i
Y s Total 40 m? I: Il
1 Dewar |
O | v [~ ST——o o L 162
'| 4 ALPI CB t:j mé
i 5 Cewar 20 MPa
50 m?3 A PIAVE CB 2x30
N2 v ForTcF20 |— | m2/h 1
E [ 1] || Jl2ex2
CB Dewar m3
- R 20 MP
3
INFN-LNL Mobile Dewars for Users I
Cryogenics —_— ll

Ballon
——50mifh | i 90 m?

30mi/h

d >

- e )—
20 MPa

Tratta mento . cryostats

LabRF . Supef‘flil e— +PVLA5

Figure8.41: — cryogenlc plants at LNL

8.11.3 Alpi Cryoplant

The cryogenic plant of ALPI has been realized wvjate liquid helium and gaseous helium
in a continuous mode. Occasionally, it may be aised for the production of liquid helium to
refill mobile dewars (when liquid helium productierceeds what is required by the linac).

ALPI refrigerator was commissioned in the ninef@sa cooling capacity of 1150 W at 4.5
K and 3900 W between 60 and 80 K. This was obtawmiéd a Claude cycle consisting of two
turbines in series and an expander piston, callext &xpander”. The "wet expander” has never
been used due both to technical difficulties anth&ohigh level of mechanical vibrations which
would shake the superconducting resonators, drithiegn off-lock; without it, the power was
reduced to about 700W. Now, with the addition ekaond JT (Joule Thomson) valve the power
is increased by approximately 30+50 W; with theididal 3 turbine (fig. 8.42) the power is
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increased by more than 300 W returning to the nahwower of 1150W. This was obtained
with the same mass flow and, therefore, the sam&ipoonsumption of cycle compressors.

Figure 8.42: Third turbine of ALPI cryogenic system; it givgsemational stability to the plant and
allows adding a few cryostats on the beam lindpesseen by the SPES layout

ALPI cryogenic system can be divided into four msuhsystems:

1. Compression units (fig. 8.43)

2. Cold box (fig.8.44)

3. Cryogenic transfer lines (fig. 8.45)
4. Cryostats (fig. 8.46)

5. Auxiliary cold box (fig. 8.47)

8.11.3.1 Compression units

In the ALPI refrigerator, 4 compressors are instjliseparated into three distinct units. Two
units house two-stage screw Mycom compressors &féf3), with nominal mass flow 65 g/ s
(compressor A) and 95 g / s (compressor B) respygtiwhile the third unit hosts two-stage
screw Howden compressors (compressor C and D),weigicla mass flow of 55 g / s.

Each unit is independent with respect to the dscoif lubrication oil, heat exchanger
oil/water and gas/water and the whole control sygteLC and sensors).
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Figure 8.43: screw compressor of ALPI-SPES cryogenic plant

8.11.3.2 The Cold Box

The Cold Box is the part in which the compressesligallowed to expand and cool down
until it reaches the liquid conditions and becoradgjuid-vapor mixture. Inside the Cold Box
(fig 8.44) several heat exchangers are installgdugh which heat is exchanged between the hot
inlet gas and the cold evaporated gas coming back the distribution lines. One of the most
important components of the system is the cryogemitine, which expand the gas by extracting
energy and transferring it outside.

In ALPI, 3 turbines are installed. The third oneswiastalled in summer 2012, thus
increasing the overall power by more than 300 W.@&x4

Liquid helium is collected in a phase separatodéaar). From there, the liquid is sent,
through the cryogenic transfer lines, to the crytsst
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8.11.3.3 Cryogenic Transfer Lines

Liquid helium (4K @ 1,3 bara), gaseous helium (62%d 80K @ 7 bara line) and liquid
nitrogen (78 K @ 1,5 bara) are transported throsgkcial lines, called cryogenic lines,
constructed so as to minimize the thermal load femaironment. In ALPI there are ~110
meters of lines connecting the Cold Box to the B@stats, through 10 valve boxes.

In each valve box (for 2 cryostats) the followinglwes are installed: 1 control valve for
liquid helium and 3 on/off valves (return liquiché at 5K, and supply and return gas lines at
60+80K). The on/off valves are fully inside the uam tank and are very complicated to
maintain.

CR12 CRI3 CR14 CRIS CR16 CR17 CR18 CR19 CR20 CRB4

WP RPN

CRB3 O O 0

oo udb T B

CR10 CROS CRO8 CR0O7 CRO6 CROS CR04 CRO3 CRB2

Figure 8.45: Present layout of ALPI cryogenic transfer line

8.11.3.4 Cryostats

In ALPI, 20 cryostats housing 74 superconductingrtgr wave resonators are installed
[34].

Cryostats are connected to the cryogenic linesyigireg helium and liquid nitrogen. Each
cryostat is equipped with ~20 silicon-diodes terap@e sensors, to monitor the thermal
conditions of the superconducting cavities andlithes. A superconducting liquid helium probe
and the pressure transmitters supervise the ligelidm circuits.

Figure 8.46: Cryostats in ALPI iac; tubes connecti theweabox to cryostats are
visible in the foreground
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8.11.3.5 Auxiliary Cold Box

The auxiliary cold box was installed, in order teep the heat shields of the cryostats
housing the superconducting cavities cold, in azfsplant stop (for example electrical power
shutdown). It consists of two helium circulators1®f0 g/s gas flow each , sending helium gas
(AP = 0.5 bar) to the shields, after it has beenemol a heat exchanger immersed in a bath of
liquid nitrogen. The operation cost of the auxyiaCB, in terms of consumption of liquid
nitrogen, is lower than the (electrical) cost foe bperation of the compressor B alone, required
to provide the 95 g/s flow that would keep the stgb shields cold with gaseous He.

The Auxiliary cold Box can provide 6000 W@ 80K, &ré.

Figure 8.47: installation of the heat exchanger in the Auxiji€old Box
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